Abbreviation Key: AL = ad libitum; ALR = daily feed restriction; C = control diet; EBM = plucked empty body mass; FFEBM = fat-free plucked empty body mass; g = grower period; RF = feed-restricted diet; RL = lysine-restricted diet; s = starter period; SOD = skip 1 d; STD = skip 2 d. ABSTRACT Growth data of some bones (shank, tibia, and keel) and the digestive tract in White Leghorn pullets, which consumed ad libitum and restricted diets, were analyzed by mono-and diphasic allometric functions. Fat-free plucked empty body mass (FFEBM) or a functional entity was used as the independent variable in the equations. Pullets had been fed a lowlysine diet or a daily restricted amount of an adequate diet, from 0 to 6 or 7 to 18 wk of age. An additional group of pullets consumed ad libitum a control starter and grower diet.
FFEBM. Except for the keel, which grew relatively faster than FFEBM if an early nutrient restriction had been applied, b 1 of all other assessed structures was similar for all treatments. If the allometric slope of the second growth phase (b 2 ) was estimated to be not different from zero, then the breakpoint between both phases was defined as the moment of attainment of maturity for the respective constituent. The attainment of maturity of the different body structures confirmed the classical growth sequence studies of the Hammond School. No differences in mature weights for the assessed organs between the feeding regimens were observed. The results indicated that in studies in which a nutritional deficiency had been applied, the weights of several body structures, most often expressed in terms of weight per 100 g BW, are strongly related to the decrease in growth rate of the fat-free body. It was concluded that most of the reported effects on growth retardation as a result of nutrient restrictions are primarily a consequence of the mobilization of fat per se.
INTRODUCTION
Commercial White Leghorn pullets are reared in preparation for subsequent egg production. The potential ability of a hen to perform satisfactorily can be guaranteed, at least substantially, by providing adequate nutritional conditions during rearing. A certain feeding strategy will have repercussions on growth characteristics during different stages of development and one should take this into account while rearing pullets (McCance, 1977; Leeson and Summers, 1980; Wells, 1980) . In most countries, however, pullets are reared on a least-cost basis or by use of restricted feeding programs in order to control pullet growth towards a specific target weight and age (Leeson, 1986) . To evaluate and readjust pullet feeding programs in order to improve the quality of the young layer, a more complete understanding of the growth process of the pullet is necessary.
If the effects of a restricted nutrient supply during pullet development are under study, one of the most interesting questions is whether particular body constituents are being hindered more than others, and whether this retardation is irreversible with respect to the mature weights of these constituents. The appropriate way to investigate such a problem is by means of a 3 Lohmann Tierzucht GmbH, D-27454 Cuxhaven, Germany. relative growth study. Recently, relative growth of chemical body components in layer pullets fed restricted diets has been reported by Kwakkel et al. (1997) . In their study, evidence was provided that growth of CP, ash, and water, each vs fat-free plucked empty body mass (FFEBM), followed a diphasic pattern. It was also concluded that these growth relationships were not affected by feeding regimen. It was suggested that lipid tissue primarily acts as an energy buffer; its storage and mobilization is highly influenced by the applied feeding regimen, but basically not having an effect on growth of the fat-free body. For that reason, it was proposed to use FFEBM as the independent variable in relative growth studies in which the effects of nutrient restrictions are to be assessed; however, the most commonly used independent variable in growth studies of poultry is BW (Lilja, 1983; Plavnik and Hurwitz, 1983; Lilja et al., 1985; Katanbaf et al., 1989; Yu et al., 1992; Nir et al., 1993) .
The aim of this study was to assess relative growth of some bones (shank, tibia, and keel), and the digestive tract (gizzard and intestines separately) in White Leghorn pullets that had been fed either a low-lysine diet or a restricted daily amount of feed from 0 to 6 wk of age or 7 to 18 wk of age. Data were analyzed by use of mono-and diphasic allometric functions as described by Kwakkel et al. (1997) . The choice for the body structures as described in this paper was based on their supposed importance for egg performance. A permanent smaller body frame, which results from some restrictive feeding regimens, might induce smaller eggs during lay, whereas changes in relative weights of the digestive tract might increase absorptive capacity throughout lay (Leeson and Summers, 1980, 1984; Burgess, 1986; Katanbaf et al., 1989) .
MATERIALS AND METHODS

Experimental Treatments
Detailed descriptions of the experimental diets and management procedures as well as egg performances have been presented in earlier papers (Kwakkel et al., 1991 (Kwakkel et al., , 1995 . Briefly, each of a total of 1,080 White Leghorn pullets of a commercial strain 3 was assigned to one of five feeding regimens (nine replicate cages per treatment), i.e., four restricted feeding regimens and an ad libitum control group. Pullets of the control group (C) consumed a starter diet (0.85% digestible lysine, 0.71% digestible methionine + cystine, 18.9% CP, 1.0% calcium, 0.41% available phosphorus, and 2,800 kcal ME/kg) from 0 to 6 wk of age and a grower diet (0.65% digestible lysine, 0.60% digestible methionine + cystine, 15.9% CP, 0.9% calcium, 0.44% available phosphorus, and 2,800 kcal ME/kg) from 7 to 18 wk of age. Pullets of the other four feeding regimens were restricted during the starter (s: 0 to 6 wk) or grower (g: 7 to 18 wk) phase by either a low-lysine diet (RLs and RLg: 0.40 or 0.30% digestible lysine, respectively) or a restricted daily amount of feed (RFs and RFg). Pullets in each RF group were fed daily an amount of the respective adequate starter or grower diet, to match BW with their RL counterpart (pair-gained). All other nutrients were formulated to meet NRC requirements (1984) . The C diet was consumed ad libitum in the rearing phase, in which the respective group of pullets was not restricted. All hens consumed ad libitum a commercial layer diet (0.65% digestible lysine, 0.58% digestible methionine + cystine, 16.5% CP, 3.5% calcium, 0.44% available phosphorus, and 2,800 kcal ME/kg) from 19 to 62 wk of age. Water was consumed ad libitum throughout.
Traits Measured
At weekly intervals, five to eight pullets per treatment were randomly selected from different cages and euthanatized by cervical dislocation. Immediately thereafter, birds were plucked by use of hot water scald. All parts of the digestive tract were slit open, the gut fill was rinsed out, and the parts were blotted dry. By this procedure, plucked empty body mass (EBM) was obtained.
Pullets were dissected subsequently and the following body structures were examined individually: 1) Three bones were recorded as a measure of frame size: length of the right shank (tarsometatarsal; measured between the bottom of the foot pad and the top of the bent hock joint) and shank thickness; length of the right tibia (tibiotarsus); length of the keel [sternum; following the procedures of Leeson and Summers (1984) ]. All measures were done with a vernier calliper to the nearest 0.1 mm; 2) Empty weights of organs associated with food processing and digestion: total digestive tract (including crop, proventriculus, gizzard, and intestines, excluding the pancreas); the gizzard (without adhering fat) was weighed separately. All weights to the nearest 0.01 g. Intestines are defined as total digestive tract minus gizzard.
Chemical body composition to obtain FFEBM was determined following the procedures described by Kwakkel et al. (1995) . Briefly, after dissection, plucked empty bodies of pullets (including all dissected organs and viscera) of Weeks 0, 3, 6, 9, 12, 15, 18, 20, 22 , and 24 were frozen and subsequently minced. Chemical analyses were assessed on an individual bird basis from Weeks 12 to 24, and as a pooled sample of two birds from Weeks 3 to 9. One-day-old pullets were pooled in two samples of five birds each. The FFEBM was calculated as EBM minus crude fat (ether extraction).
Analyses of Data: Use of Mono-and Diphasic Allometric Functions
Bone lengths or weights of the digestive tract were fitted as a function of FFEBM (or a related body entity) on a natural log-log scale per treatment (means per sample week; n = 10; Weeks 0, 3, 6, 9, 12, 15, 18, 20, 22, 24). Basically, the allometric model of Huxley [1] was used for the fitting procedures (Huxley, 1932) . However, Huxley's monophasic equation was extended to a diphasic allometric function (Kwakkel et al., 1997) . The diphasic allometric function [2] allows changes in the allometric relationship with advancing age, which may be more realistic in some cases than the monophasic approach (Belt et al., 1992) . Both functions comprise the following parameters:
where ln is the natural logarithm; y x is the weight or length of a body structure; and x is the weight of FFEBM, both in grams (or millimeters); ln(a) is the intercept (a is the scale parameter); b is the allometric slope in the monophasic model; in the diphasic model b 1 and b 2 are the allometric slopes of the first and second phases, respectively; ln(c) is the estimated breakpoint between the two phases, and 0.05 is an arbitrarily chosen constant factor, included in the equation to enable a rather abrupt transition between two phases (Koops and Grossman, 1993) . For interpretation purposes, Figure 1 gives an example of an allometric growth function (monophasic: tibia vs FFEBM for the Control group), both on a normal (wt/wt) scale (Curve A) as well as a log-log scale (Curve B). In each of the tables, coefficients of the log-log equation are presented.
Statistical Analyses
All data were transformed to their natural logarithm prior to the curve-fitting procedures. Curves were fitted by the nonlinear regression algorithm of the NONLIN package [Method Levenberg-Marquardt (Dennis et al., 1981) ; convergence criterion 10 -10 ]. Goodness-of-fit was judged by the asymptotic SE of the parameter estimates, residual SD (RSD) of the model, coefficients of determination (R 2 ), and the Durbin-Watson test for the absence of first-order autocorrelation.
Additionally, Student's t test gave information on the probability of the parameter estimates being not significantly (P < 0.05) different from zero. If the b 2 slope was estimated not different from zero, the breakpoint between both phases was defined as the moment of attainment of maturity for the respective structure.
Differences in curves or curve parameters between treatments were investigated by F tests according to procedures reported in detail by Kwakkel et al. (1995) . The significance of the addition of a second phase to the monophasic allometric model was assessed by an F test (Kwakkel et al., 1997) .
Parameter estimates of all fitted relationships were tabulated per body structure and per treatment for individual judgement by the reader. Mature weights (or lengths) for each structure per treatment were predicted at one of two values of the independent variable: 1) at the breakpoint in cases in which b 2 was statistically zero ("mature" by definition), or 2) at 1,000 g FFEBM [overall FFEBM at 24 wk of age was 1,026.4 g ± 7.3 (n = 5)]. To test differences between treatments, a 95% confidence interval for each predicted value was calculated (Neter et al., 1990) .
RESULTS
Skeletal Growth
Relative growth in length of the shank, tibia, and keel, as well as thickness of the shank, is presented by monoand diphasic allometric functions towards FFEBM (Table  1) .
For most bones and most treatments, the diphasic allometric function improved the fit significantly if compared to the monophasic function (see the F(2,6)-values in Table 1 ). Small differences between the allometric slopes in the monophasic model for length and thickness of the shank (b of 0.38 and 0.34, respectively) disappeared when the diphasic function was fitted (b 1 of 0.42 for both length and thickness), indicating a proportional increase in length and thickness of the shank.
No significant effects of treatment were observed in the diphasic model for shank length and thickness, and tibia length, each as a function of FFEBM. In all three traits, b 2 were not significantly different from zero, suggesting that the respective bone structure had reached its mature size when the curve bended. Late-restricted pullets (RLg and RFg) tended to delay maturation of the shanks' thickness: compare breakpoints between these treatments and the three others (6.44, which is about 626 g FFEBM vs 6.16, which is about 473 g FFEBM, respectively). Shank and tibia length, and, to a minor extent, shank thickness, matured at a certain fat-free empty body mass (on average at 675, 784, and 527 g FFEBM, respectively), independent of the feeding regimen that had been followed. With the ad libitum pullets as a reference, age of maturation was around 7 wk for shank thickness, 10 to 12 wk for shank length, and 12 to 13 wk for the tibia. For "log(FFEBM) vs age" relationships, see Kwakkel et al. (1997) .
For the keel, parameter estimates between earlyrestricted pullets (RLs and RFs) and pullets of all other treatments differed significantly (P < 0.01). The earlyrestricted pullets showed lower intercepts, larger b 1 and b 2 , and breakpoints at much lower FFEBM (Table 1) . A good estimate of the age of maturity of the keel could not be made, because the b 2 for keel growth was different from zero within the range of observations.
Mature lengths for each skeletal bone were estimated per treatment. No differences between treatments were found and, therefore, the individual data are not presented. Overall mature lengths (± SEM) of shank, tibia, and keel, as well as shank thickness, were 9.52 ± 0.08, 11.00 ± 0.10, 10.11 ± 0.09, and 0.74 ± 0.02 cm, respectively. Even though keel relative to FFEBM showed different slopes for the early-restricted pullets in contrast to the other groups, it did not affect mature keel length.
Growth of the Digestive Tract
Growth of organs associated with food processing and digestion are summarized in the Tables 2 and 3. In Table 2 , the total digestive tract and the gizzard are separately fitted against FFEBM, whereas in Table 3 , the gizzard and intestines are fitted against the total digestive tract.
The diphasic model fitted the data much better than the monophasic model [F(2,6)-values in Table 2 ]. For both the total digestive tract and the gizzard, no differences could be demonstrated in the fitted curves or curve parameters between individual treatments or groups of treatments.
The total digestive tract had a b 2 of, on average, 0.44, and thus did not mature within the range of observations (up to 24 wk of age). In contrast, the gizzard matured at a FFEBM of about 665 g, reflecting an age of 10 to 11 wk. Although none of the b 2 values of the gizzard were different from zero, it was remarkable that all had a negative sign. Some reduction in weight due to a decreasing water content of the (maturing) gizzard could be an explanation.
Intestines were defined as digestive tract minus gizzard. Data from gizzard and intestines were fitted against the total digestive tract ( Table 3 ). The diphasic model was not always better than the monophasic model, due to large variations in the estimate of the b 2 . Again, no differences in parameter estimates between treatments could be demonstrated. b 1 in the diphasic model for both gizzard and intestines were unity, suggesting that both segments grew proportionally at this early stage. When the weight of the digestive tract reaches about 52 g (breakpoint 3.94; Table 3 ), gizzard growth is complete. Mature weight of the gizzard at that stage was 24.01 ± 0.38 g across treatments. Mature weight of the digestive tract was predicted with no differences between treatments: 60.47 ± 0.53 g. Thus, at about 85% of mature weight of the digestive tract, the gizzard matured. Consequently, relative gain in the intestines increased enormously from that moment onwards (b 2 = 1.7, on average).
DISCUSSION
Growth of Shank, Tibia, and Keel
In previous studies, the skeletal bones, shank, tibia, and keel had been regarded as predictors for the hen's final body frame size (Morris et al., 1966; Brody et al., 1984; Burgess, 1986) . Morris et al. (1966) related tibia weights (x) to weights of the total skeleton (y), and found them to be highly dependent (y = 2.997 + 6.601 x; r = 0.94). A sufficient frame size could be an indicator of adequate subsequent egg performance (Leeson and Summers, 1984; Burgess, 1986) . The latter author suggested that a permanent smaller body size (rather than BW) could possibly reduce egg size. In the present study, hens that had restricted diets (lysine or feed) during the grower phase of rearing produced a significant heavier egg than those restricted during the starter phase of rearing (Kwakkel et al., 1991) . TABLE 1. Parameter estimates and SE (in parentheses) of relative growth of some skeletal bones, as a function of fat-free EBM 1 of White Leghorn pullets, fed different feeding regimens, 2 described by a mono-and diphasic allometric function 3 1 EBM = plucked empty body mass. 2 Feeding regimens: C = no restrictions; RLs = lysine restriction from 0 to 6 wk of age; RFs = feed restriction, pair-gained to RLs; RLg = lysine restriction from 7 to 18 wk of age; RFg = feed restriction, pair-gained to RLg. where ln(a) is the scale parameter, b 1 and b 2 are the allometric slope of phase 1, and 2, respectively, ln (c) is the breakpoint. 4 Residual SD: n in all fits was 10; Each observation is represented by five to eight pullets. From the present results, however, it can be concluded that adult lengths of the frame were not affected by feeding regimen.
The b 1 of the three bones were all far below 1 (= unity), indicating early-maturing structures. In the precocial chicken, the bones for locomotion purposes (shank and tibia) already constitute a large proportion of BW at hatch, indicating the growth spurt occurred prior to hatch. These bones obviously develop during early posthatch at a much slower rate than do other maintenance structures TABLE 2. Parameter estimates and SE (in parentheses) of relative growth of the total digestive tract and gizzard, separately, each as a function of fat-free EBM 1 of White Leghorn pullets, fed different feeding regimens, 2 described by a mono-and diphasic allometric function 3 1 EBM = plucked empty body mass. 2 Feeding regimens: C = no restrictions; RLs = lysine restriction from 0 to 6 wk of age; RFs = feed restriction, pair-gained to RLs; RLg = lysine restriction from 7 to 18 wk of age; RFg = feed restriction, pair-gained to RLg. such as the digestive tract (Katanbaf et al., 1988; Nir et al., 1993) . Early-restricted pullets had larger b 1 than laterestricted pullets for the keel. An explanation could be that, just after hatching, the precocial pullet has to 1) increase its volume of the chest cavity for necessary lung growth, or 2) prepare sites for the attachment of the pectorals. In this situation, keel growth seems to dominate growth of FFEBM, which is a clear example of priority setting.
The sequence in bone maturation (shank → tibia → keel) is in agreement with the classical centripal growth theory (Hammond, 1932; McMeekan, 1940) , which suggests that there is a distal to proximal growth gradient in the limbs. Bones that are most distal from the body are expected to mature first.
In the ad libitum C pullets, both long bones (shank and tibia) reached their mature size at around 13 wk of age, which is comparable to data of Matsuzawa (1981) . He reported that the tibia did not increase further in length beyond 14 wk of age in White Leghorn chicks. The stage of maturity of the skeleton is reached when linear bone growth is inhibited and the fusion of the epiphyseal plates occurs. These processes coincide with an increase of circulating levels of estrogens at the start of sexual development (Short, 1980) . Early restriction may have a permanent effect on mature bone sizes, but this effect will depend on the period of restriction. Burgess (1986) stated that if a nutrient restriction is still being applied after the epiphyseal plates have fused (even after a delay), some bones will remain shorter. Nutrient restrictions during late rearing did not give permanently smaller bones (Burgess, 1986; Yu et al., 1992) , as was confirmed in this study.
Growth of Total Digestive Tract, Gizzard, and Intestines
The total digestive tract showed b 1 near to unity (0.94, on average), which means that the digestive tract developed proportionally to the early fat-free body (Lilja, 1983; Katanbaf et al., 1988; Nir et al., 1993) . This result is quite logical: the digestive tract is a major part of the FFEBM at this stage. Similar slope values from Feeding regimens: C = no restrictions; RLs = lysine restriction from 0 to 6 wk of age; RFs = feed restriction, pair-gained to RLs; RLg = lysine restriction from 7 to 18 wk of age; RFg = feed restriction, pair-gained to RLg. monophasic growth studies in pigs, of the digestive tract and the stomach against the fat-free body, were reported by Doornenbal and Tong (1981: 0.71; gut) , Davies (1983: 0.83; stomach) , and Tess et al. (1986: 0.78; stomach) , respectively. Metabolically active organs, such as the digestive tract, are quite sensitive to nutrient restrictions (Elsley et al., 1964; Kyriazakis and Emmans, 1992) . It was reported by Nir et al. (1987) that pullets might adapt morphologically to an intermittent (e.g., skip-a-day) feeding regimen: they found hypertrophy of feed storage organs, and a significant increase in the relative weight of liver, pancreas, jejunum, and ileum of White Leghorn pullets at 61 d of age that had been provided a double feed intake on allowance days. Katanbaf et al. (1989) showed similar increases in relative weights of segments of the digestive tract due to different methods of feed restriction. They reported changes in weight of the duodenum relative to BW after 43 d of age in pullets that consumed feed ad libitum or were restricted by three different methods: +0. these data relative to the fat-free body, the values become +0.50% (AL), +0.53% (ALR), +0.56% (SOD), and +0.64% (STD). Differences between AL vs ALR and SOD became smaller, whereas the differences between ALR and STD became more pronounced, possibly due to a relatively higher fat accretion within BW in STD birds than in ALR birds. In general terms, recalculation of data of Katanbaf et al. (1989) and Yu et al. (1992) on feed-restricted broiler breeders, revealed that differences in relative organ weights between ad libitum and feed-restricted birds were reduced by 50 to 100% if weights were expressed as a percentage of fat-free BW instead of BW.
Conclusions
The results of this study indicate that most patterns of bone growth and growth of the digestive tract are strongly related to growth of the fat-free body, irrespective of the applied feeding regimen. By presenting the growth results relative to the fat-free body, they were not obscured by the variation in fat content, the body component that is most directly involved in a deficient nutrient supply.
